Previous reports showed that the large linear plasmid SCP1 of Streptomyces coelicolor A3(2) contains a 5.4 kb centrally located replication locus. We report here that SCP1 actually contains three internal replication loci. Subcloning of the 5.4 kb sequence identified a 3.2 kb minimal locus (rep1A/repB/iteron) that determined propagation in Streptomyces lividans. The two newly identified replication genes, rep2A and rep3A, resembled the rep gene of Streptomyces circular plasmid pZL12. Transcription start points of the three replication genes were determined. The three replication loci could independently determine propagation in linear mode in S. lividans. Individual and sequential deletions of the rep1A and rep3A genes were successful. The SCP1-derived linear plasmids with deletions of the rep1A and/or rep3A genes still propagated in similar copy numbers, were inherited largely stable and were transferred efficiently by conjugation in S. coelicolor. Interestingly, SCP1 can be artificially circularized to yield a 280 kb circular plasmid, circular SCP-1 (C-SCP1), which contains the three replication loci. Strikingly, the copy numbers, inheritance and transfer of C-SCP1 resembled that of the linear SCP1 plasmids. Transcripts of the rep1A, rep2A and rep3A genes in linear or artificially circularized SCP1 were detected at all the time points of strain growth.
INTRODUCTION
Streptomyces species are Gram-positive, high G+C content, filamentous bacteria. Unlike most other bacterial chromosomes, the~8 Mb chromosomes of Streptomyces are linear and Streptomyces species often harbour linear as well as circular plasmids (Hayakawa et al., 1979; . The known linear plasmids range in size from 12 to 1800 kb (Keen et al., 1988; Medema et al., 2010) . Their 'telomeres' contain inverted repeat sequences from 44 to 180 kb long Pandza et al., 1998) . The 39 telomeric ends are free, but the 59 telomeric ends are blocked by covalently linked telomere terminal proteins (Bao & Cohen, 2001; Yang et al., 2002) . Many Streptomyces linear plasmids have conserved telomeric sequences (e.g. pSLA2, SLP2 and pFRL1; Huang et al., 1998; Zhang et al., 2006) and telomere replication genes (e.g. tpg and tap; Bao & Cohen, 2001 , 2003 Yang et al., 2002) , while SCP1, pRL1 and pRL2 contain novel telomeres Zhang et al., 2006) and telomere replication genes (e.g. tpc and tac in SCP1; Huang et al., 2007) .
Unlike the terminal protein-capped linear replicons of adenoviruses and Bacillus bacteriophage 29 (Salas, 1991) , replication of Streptomyces linear plasmids starts at a central locus (Shiffman & Cohen, 1992) , proceeds bidirectionally toward the telomeres (Chang & Cohen, 1994) and completes telomere replication by a 'patching' mechanism (Chang & Cohen, 1994; Chen, 1996) . Some Streptomyces linear plasmids can also propagate in circular mode when their telomeres are deleted and the ends are fused (Shiffman & Cohen, 1992; Chang & Cohen, 1994) . The centrally located replication locus of pSLA2 consists of a rep gene (encoding a DNA helicase) and its adjacent iteron (Chang et al., 1996) . Such rep (helicase/iteron) loci are also found in SCP1, SLP2, pSCL1 and pSHK1 (Shiffman & Cohen, 1992; Wu & Roy, 1993; Redenbach 
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Artificially circularized SCP1 at 621-284 635 bp by an aac (3) , 1999; Huang et al., 2003; Xu et al., 2006a; Zhang et al., 2009) , while rep (hypothetical protein)/non-coding sequences (ncs) have been identified in pSLA2-L, pSCL2, pRL2, pRL4 and pFRL2 (Hiratsu et al., 2000; Wu et al., 2006; Zhang et al., 2009) .
Streptomyces coelicolor A3(2) is the Streptomyces species most studied genetically (Hopwood, 1999) . S. coelicolor A3(2) harbours a 356 023 bp linear plasmid, SCP1 (Bentley et al., 2004) , a 31 317 bp circular plasmid, SCP2 (Haug et al., 2003) , and a 17 kb chromosome-integrating plasmid, SLP1 (Bibb et al., 1981; Omer & Cohen, 1984) . SCP1 was identified genetically 40 years ago (e.g. Hopwood et al., 1969) , but was detected physically by PFGE much later (Kinashi et al., 1987) . This large linear plasmid carries the methylenomycin biosynthetic gene cluster (Chater & Bruton, 1985) . SCP1 contains long inverted repeats of 75 122 bp Bentley et al., 2004) , in the formation of which the insertion element IS466 may be involved . SCP1 can integrate into the host chromosome in various conformations and can also undergo exchange with the chromosome to produce two chimeric linear chromosomes: a 7.2 Mb chromosome I and a 1843 kb chromosome II (Vivian & Hopwood, 1973; Yamasaki & Kinashi, 2004) .
By digestion of Streptomyces parvulus 2296 (SCP1) DNA and ligation with a tsr gene, and then introduction into Streptomyces lividans, Redenbach et al. (1999) found that SCP1 contains a 11.2 kb locus for autonomous replication in S. lividans. Subcloning the locus identified a 5439 bp sequence that functions as the minimal replication locus, which contains two overlapping ORFs that are separated from an AT-rich region. We report here that as well as the published replication locus, SCP1 contains two additional replication loci, containing two previously unrecognized replication genes resembling the rep gene of Streptomyces large plasmid pZL12 (Zhong et al., 2010) .
METHODS
Bacterial strains, plasmids, primers and general methods.
Strains and plasmids used in this work are listed in Table 1 (primers  are listed in Table S1 , available in Microbiology Online). Plasmid isolation, transformation of Escherichia coli DH5a and PCR amplification followed Sambrook et al. (1989) . Streptomyces culture, plasmid isolation, preparation of protoplasts and transformation of S. lividans ZX7 followed Kieser et al. (2000) . Isolation of linear plasmid DNA followed Qin & Cohen (1998) . Identification of three replication loci on SCP1. PCR fragments comprising rep genes of SCP1 were cloned in E. coli plasmid pQC156, which contained Streptomyces selection markers tsr/melC (Qin et al., 2003) , and the resulting plasmids (see Table 1 ) were introduced by transformation into protoplasts of S. lividans ZX7. Transformation frequencies of plasmids were calculated as transformants (mg DNA) -1 .
Determining the transcription start points of the three replication genes. S1 nuclease mapping was performed as described previously . The probe to detect the rep1B transcript was generated using PCR amplification with an unlabelled primer Psrep1-sense and a [c-
32
P]ATP-radiolabelled primer Psrep1-antisense (Table S1 ). The labelled PCR product was denatured and then hybridized with total RNA at 45 uC for 14 h. The unhybridized regions of the probe were digested with S1 nuclease at 37 uC for 1 h and the surviving DNA-RNA hybrids were detected by electrophoresis on a 6 % polyacrylamide gel containing 7 M urea. Similarly, the transcription start points of rep2A and rep3A of SCP1 were determined by using S. lividans ZX7 containing pAZ201 and pAZ204, respectively.
Three replication loci determine propagation independently in linear mode in Streptomyces. Various fragments containing the SCP1 replication loci were cloned into pZR131 to obtain pAZ204, pAZ201 and pAZ191 (Table 1) . DraI-linearized pAZ204, pAZ201 and pAZ191 DNAs were introduced by transformation into S. lividans ZX7. To demonstrate the linearity of plasmids, three methods were employed: (1) aliquots of total DNA were treated with 100 U E. coli exonuclease III and 10 U bacteriophage l exonuclease at 37 uC for 1 h; (2) aliquots of total DNA were also treated with neutral (50 mg proteinase K ml 21 and 1 % SDS) or alkaline solution (0.2 N NaOH and 1 % SDS) at 37 uC for 1 h; and (3) plasmid DNAs were isolated and purified, and then digested with the single-cut restriction enzyme XbaI.
Individual and sequential deletion of the three replication genes of SCP1. To delete rep1A of SCP1, two PCR fragments (183 552-186 487 and 188 550-191 633 bp) from SCP1 plus an were cloned in the polylinker of pHY642. The resulting plasmid pSY27 was introduced by electroporation into E. coli ET12567 (pUZ8002) and then transferred by conjugation into S. coelicolor A3(2). Apramycin/thiostrepton-resistant colonies were selected for single crossover and then thiostreptonsensitive but apramycin-resistant colonies were selected for double crossover. After screening 11 colonies, a clone containing a doublecrossover allelic exchange of rep1A in S. coelicolor was obtained and further confirmed by PCR sequencing. Similarly, pSY28 was constructed for knocking out rep3A by conjugation and antibiotic selections. After screening 23 colonies, a clone containing a doublecrossover allelic exchange of rep3A in S. coelicolor was obtained. Plasmid pSY31 (or pSY52) was employed to delete rep2A, but no clone resulting from double crossover was obtained even after screening up to 500 colonies. Plasmid pSY53 was used to delete rep1A from the SCP1Drep3A derivative and a clone containing the expected deletions (Drep1A Drep3A) was confirmed by PCR sequencing.
Artificial circularization of the linear plasmid SCP1. To artificially circularize SCP1, one PCR segment from the left telomere (621-4302 bp) and another from the right arm (280 910-284 635 bp) of the linear SCP1 plus an aac(3)IV gene were cloned in pHY642. The resulting plasmid pSY29 was transferred by conjugation from E. coli ET12567 (pUZ8002) into S. coelicolor J841. Three clones resulting from double crossover were obtained after screening 25 colonies and were confirmed by PCR analysis. Circularization of the linear SCP1 [i.e. circular SCP1 (C-SCP1)] was finally demonstrated by PFGE and Southern hybridization with an [a-32 P]dCTP-labelled rep2 probe prepared using a random primer labelling kit (Roche).
Inheritance and copy numbers of the linear and artificially circularized SCP1. To measure inheritance of plasmids, about 10 7 S. lividans ZX7 spores containing plasmids were inoculated into mannitol soya flour (MS) medium without apramycin. After 7 days' incubation at 30 uC, spores were harvested, diluted in water and plated equally on tryptone soya agar (TSA) and TSA medium containing apramycin, and colony counts were made after 3 days of incubation. The frequency of plasmid inheritance was calculated as 1006ratio of colonies on TSA (apramycin) to colonies on TSA.
About 10 mg genomic DNA was digested with restriction enzyme NcoI, diluted twofold and then electrophoresed in agarose gel. The DNA from the gel was transferred onto a nylon membrane (Amersham). Equal amounts of rep2 (826 bp) and dnaA (852 bp) DNA were labelled with [a-32 P]dCTP as probes by 'random primers' (DIG High Prime DNA labelling and detection kit; Roche). Southern hybridizations were performed at 65 uC overnight. The membrane was analysed with a phosphorimager (Fuji). Intensities of the rep and dnaA bands were measured by ALPHAVIEW software for AlphaImager Systems. The copy numbers were estimated as the ratio of intensity of rep to dnaA.
Conjugal transfer of the linear and artificially circularized SCP1. About equal numbers (10 7 ) of S. coelicolor spores containing the SCP1-derived linear or circular plasmids (i.e. SCP1Drep1A, SCP1Drep3A, SCP1Drep1ADrep3A or C-SCP1) and strain M145 containing a chromosomally integrated pWT181 were mixed on MS medium at 30 uC for 7 days. Spores were harvested, diluted in water, and plated on MS (thiostrepton), MS (apramycin) and MS (thiostrepton+apramycin). The frequency of plasmid transfer was calculated as 1006ratio of colonies on MS (thiostrepton+apramy-cin) to colonies on MS (apramycin).
Electrophoretic mobility shift assays (EMSAs). The SCP1 rep1A gene was cloned into E. coli plasmid pET-28b(+) (Novagen) to obtain pAZ166. After overexpression of the cloned gene in strain BL21(DE3), the His6-tagged Rep1A protein was purified by Ni 2+ column chromatography (Qiagen). The 547 bp DNA sequence (185 092-185 639 bp) containing the SCP1 iteron was end-labelled with biotin using a Lightshift chemiluminescent EMSA kit (Pierce). The DNAbinding reaction was performed in buffer (10 mM Tris/HCl pH 7.5, 25 mM KCl and 10 % glycerol) at room temperature for 20 min. The reaction complexes were separated on a pre-run 5 % native acrylamide gel in 0.56 Tris/borate-EDTA buffer at 80 V for 2 h.
RT-PCR assay. Approximately 1610 5 S. coelicolor spores were inoculated into R5 medium covered with cellophane disks at 30 uC and total RNAs were isolated from cultures at a series of incubation times with Trizol reagent (Invitrogen). The RNA samples were treated with DNase (RNase-free) to remove possible contaminating DNA and, after quantification, reverse transcribed into cDNA by using a RevertAid H Minus first strand cDNA synthesis kit. Equal amounts of products were then subjected to PCR amplification. Five paired primers (Table S1 ) were used to detect transcription levels of the rep1A, rep2A, rep3A, hrdB and 16S rRNA genes. To confirm equal efficiency of these primers for PCR, the DNA templates (positive control) of the strains were diluted 10 21 , 10
22
, 10 23 and 10 24 times. PCR conditions were: template DNA denatured at 95 uC for 10 min, then 95 uC for 30 s, 55 uC for 30 s and 72 uC for 40 s, for 29 cycles.
RESULTS

Identification of a new gene from a previously identified replication locus on Streptomyces linear plasmid SCP1
A previous report showed that linear plasmid SCP1 of S. coelicolor A3(2) contains a centrally located 5.4 kb replication RNA of strain A3(2) was isolated and reverse transcribed into cDNA. The cDNA, RNA (as a negative control) and A3(2) chromosomal DNA (positive control) were used as templates. Two paired primers (Pr195 and Pr195/196) were used to allow amplification of segments within a gene or extending from each gene into its immediate neighbour. PCR products were electrophoresed in a 2 % agarose gel at 100 V for 1 h. (b) Determination of the transcription start site of the rep1B gene. The [c-32 P]ATP-radiolabelled primer Psrep1-antisense was sequenced and electrophoresed (lanes A, T, C and G) as a control, and the surviving RNA/labelled DNA hybrid was electrophoresed after digestion by S1 nuclease. The band corresponding to the position of nt 185 560 ('C') of the probe is indicated. (c) Identification of a minimal locus of SCP1 for replication in Streptomyces. Plasmids were constructed in E. coli (Table 1) . Circular plasmids were introduced by transformation into S. lividans ZX7. The positions of these cloned fragments on SCP1 and transformation frequencies are shown. Iterons are indicated by striped boxes, relevant genes by open arrowheads and replication genes by filled arrowheads. (d) Detection of the binding activity of Rep1A with its iteron DNA. An EMSA was employed to detect DNA-binding activity between Rep1A protein and iteron DNA. The DNA probe for each lane was 2 ng; the probe was also used as specific competitor and salmon sperm DNA was used as non-specific competitor. DNA-protein complexes are indicated.
Three replication origins on Streptomyces plasmid SCP1 locus, including two overlapping ORFs and a 0.5 kb region containing multiple direct/inverted repeat sequence (iteron) separated by a 1.2 kb non-coding sequence (Redenbach et al., 1999) . The complete nucleotide sequence of the 356 023 bp SCP1 predicted four ) in this replication region (Bentley et al., 2004) . We employed RT-PCR to determine transcription/co-transcription of these ORFs. No transcription was detected for the predicted SCP1.195c (data not shown), indicating that the gene coding strand as predicted by genome annotation was mis-assigned. However, transcription from the reverse direction of the gene (as SCP1.195) was detected and SCP1.195 was coded on the same strand as SCP1.196 (Fig. 1a) . S1 nuclease mapping was employed to determine the transcription start point of the new gene SCP1.195. As shown in Fig. 1(b), a , identity 137/ 369 (37 %)] (Chen et al., 2012) .
Characterization of the replication locus on SCP1
To investigate if these genes and iteron sequence can support replication of a circular plasmid in Streptomyces, various PCR fragments were cloned in an E. coli plasmid pQC156. The resulting plasmids were introduced by transformation into S. lividans ZX7. As shown in Fig. 1(c ] for pAZ181 and pAZ179, respectively, with an additional one (SCP1.197) or two (SCP1.197-SCP1.198) genes. However, deletions of the iteron (i.e. pSY65), rep1A (pSY64) or rep1B (pAZ185) abolished propagation of the resulting plasmids in S. lividans ZX7. These results indicated that an iteron and two genes (rep1A and rep1B) constituted a minimal replication locus (3.2 kb).
To investigate if the Rep1A and Rep1B proteins bound to the iteron sequence, EMSAs were employed. As shown in Fig. 1(d) , Rep1A protein could bind to the biotin-labelled DNA containing a 0.5 kb iteron sequence (185 092-185 639 bp) in vitro to form a protein-DNA complex to retard the electrophoretic mobility of bands on a gel. Adding 4, 10 and 20 ng unlabelled DNA probes (as a 
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specific competitor) to the reaction abolished the complex of Rep1A with the labelled probe, indicating their efficient competition, while adding 10, 100 and 1000 ng salmon sperm DNA (as a non-specific competitor) had no effect, indicating specificity of the binding reaction between Rep1A and the iteron. As for the Rep1B and the iteron, a no 'shift band' was detected on the gel (data not shown), indicating that the Rep1B protein could not bind to the iteron sequence. 223 ; identity 91/289 (31 %)]. To determine if SCP1.85c and SCP1.158 also represented new replication loci on SCP1, these genes and their adjacent non-coding sequences were cloned in pQC156 or pZR131 containing two telomeres (Zhang et al., 2008) . The resulting plasmids were introduced by transformation into S. lividans ZX7. As shown in Fig. 2(a )] for pAZ200 or pZQ165 containing SCP1.158 (designated rep2A) and its adjacent 0.63 or 0.47 kb non-coding sequences (ncs2A, no direct or inverted repeat), but no transformants arose for pAZ215 or pAZ211 or pSY92 containing a 0.36 or 0.16 kb non-coding sequence or deletion of an internal 0.17 kb sequence of the gene, respectively. The transcription start point of the rep2A gene was determined. As shown in Fig. 2(b) , a transcript starting at 26 nt upstream of the gene was found.
Identification of two other replication loci on SCP1
Similarly, pAZ207 containing SCP1.85c (designated rep3A) cloned in pQC156 could propagate in S. lividans ZX7 (Fig.  3a) , albeit with a very low transformation frequency [6 transformants (mg DNA) -1 )]. Higher transformation frequencies (e.g. for pAZ204, pAZ212 and pAZ213) were obtained when the DNA fragments were cloned in pZR131, which contained two telomeres of the linear plasmid pSLA2 (Zhang et al., 2008) . A transcript of rep3A was detected starting 48 nt upstream of the gene (Fig. 3b) . Two new replication loci were therefore identified on SCP1. We tried to overexpress and purify the Rep2A and Rep3A proteins in E. coli, but unlike the Rep1A protein, they were largely in insoluble forms (data not shown). 
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Three replication loci determine propagation independently in linear mode
We pooled colonies of S. lividans transformants from plates, isolated plasmid DNA, and determined their structures by treatments with E. coli exonuclease III/l exonuclease and NaOH. As shown in Fig. 3(a) , the transformation frequency of plasmids containing rep3A cloned in pZR131 (e.g. pAZ204, pAZ212 and pAZ213) was higher than in pQC156 (pAZ207), suggesting that this replication locus preferentially determined propagation in linear mode. pAZ204 isolated from S. lividans ZX7 transformants (Fig. 4a ) was sensitive to E. coli exonuclease III (39A59 direction) but largely resistant to l exonuclease (59A39 direction), indicating a linear DNA with a free 39 end but a blocked 59 end.
To investigate whether the other two replication loci could also determine propagation independently in linear mode in S. lividans ZX7, fragments containing rep1A/rep1B/iteron and rep2A/ncs2A were cloned in pZR131. The resulting plasmids, pAZ191 and pAZ201, were linearized with DraI and introduced by transformation into S. lividans ZX7 at frequencies of 4.8610 1 and 6.3610 1 transformants (mg DNA) -1 . After subsequent extraction, they were treated with both E. coli exonuclease III and l exonuclease. As shown in Fig. 4(a) , pAZ191 and pAZ201 bands were sensitive to E. coli exonuclease III, but largely resistant to l exonuclease. However, the chromosomal bands did not completely disappear after l exonuclease treatment. In order to further test whether the 6.8, 5.5 and 6.5 kb plasmids were linear, we added NaOH to the DNAs and confirmed that they were sensitive to alkaline treatment (Fig. 4b) . The purified plasmid DNA from S. lividans transformants was also digested with the single-cut restriction enzyme XbaI and the linearities of the plasmids without the portion of E. coli plasmid pSP72 were confirmed (Fig. 4c) . Based on the presented data, we conclude that the three SCP1 replication loci could independently determine propagation in both circular and linear modes in S. lividans ZX7.
Copy numbers, inheritance and conjugal transfer of the SCP1-derived linear plasmids with deletion of the rep1A and rep3A genes, singly or together, resemble those of the WT SCP1
To determine how much each replication locus of SCP1 contributes to plasmid copy number, inheritance and conjugal transfer, individual and sequential deletions of the loci were made. Two SCP1 derivatives, SCP1Drep1A and SCP1Drep3A, knocking out rep1A (186 487-188 550 bp) and rep3A (83 274-85 093 bp), were obtained. No clone containing deletions (double crossover) of rep2A (151 989-153 973 or 150 372-154 221 bp) was obtained. Sequential deletions of rep1A and rep3A yielded SCP1Drep1ADrep3A. PFGE confirmed that these SCP1 derivatives were also linear plasmids (Fig. S1 , available in Microbiology Online).
Total DNA of the SCP1 derivatives was digested with NcoI, and Southern hybridization with the probes of rep2A of SCP1 and dnaA of the chromosomal replication gene was performed. As shown in Fig. 5 , the data suggest that the copy numbers of all four tested plasmids (WT SCP1, SCP1Drep1A, SCP1Drep3A and SCP1Drep1ADrep3A) were similar, and the ratio of signals from the rep2A and dnaA probes indicated copy numbers of 1.26, 0.98, 0.94 and 0.69 per chromosome, respectively.
The inheritance of the SCP1-derived linear plasmids was measured (two rounds of growth on plates). As shown in Table 2 , in comparison with the apr R -labelled WT SCP1 (the second round at 86.9 %), SCP1 lacking rep1A or rep3A Three replication origins on Streptomyces plasmid SCP1 or rep1A/rep3A still propagated stably (the second round at 94.1, 84.1 and 80.3 %) in S. coelicolor. As to conjugal transfer from S. coelicolor A3(2) to S. coelicolor M145 containing an integrating plasmid pWT181, in comparison to the apr R -labelled WT SCP1 (at 100 %), these three SCP1-derived linear plasmids could conjugally transfer at high frequencies (at 72.7, 68.5 and 89.2 %, see Table 2 ).
Both the linear and artificially circularized SCP1 have similar plasmid copy numbers, inheritance and conjugal transfer Since the three SCP1 replication loci could independently determine propagation in both circular and linear modes in Streptomyces, we tried to use a previous strategy for circularization of Streptomyces linear chromosomes (Lin & Chen, 1997) to artificially circularize SCP1 at 621-284 635 bp, which contained the three replication loci. Plasmid pSY29 was integrated by conjugal transfer into SCP1 of S. coelicolor J841 and then three clones with a phenotype of Thio S /Apr R were obtained after screening 25 colonies, indicating occurrence of a double-crossover event. The circular conformation of the plasmid was confirmed. As shown in Fig. 6(a) , in contrast to linear SCP1 of J841, C-SCP1 could not enter into the pulsed-field gel. C-SCP1 was visualized as a band of~280 kb after digestion with DraI, which cut C-SCP1 near the aac(3)IV gene but not at the linear SCP1 sequence.
The copy numbers, inheritance and conjugal transfer of circular plasmid C-SCP1 were measured. As shown in Fig.  6(b) , in comparison to the single copy of a chromosomal replication gene dnaA, the copy number of C-SCP1 was about 1.36 copies per chromosome. As shown in Table 2 , inheritance of C-SCP1 in S. coelicolor was stable (82.9 %) and conjugal transfer of C-SCP1 among S. coelicolor strains was efficient (98.3 %).
Transcription of the three replication genes of the linear and artificially circularized SCP1 during development RT-PCR was employed to measure transcription of the three replication genes of the linear and artificially circularized SCP1 in a time-course study. As shown in Fig. 7(a, b) , transcriptions of the rep1A, rep2A and rep3A genes in linear or circularized SCP1 were detected at all the time points of strain growth, and rep1A was predominant over that of rep2A and rep3A. In comparison to that of the linear SCP1, RNA accumulation of rep3A in the artificially circularized SCP1 (i.e. C-SCP1) was low while transcription of rep2A was high.
DISCUSSION
Previous reports showed that Streptomyces linear plasmids (e.g. SCP1, SLP2, pSLA2, pSLA2-L, pSCL1, pSCL2, pRL2, pRL4, pFRL2 and pSHK1) commonly contain one internal replication origin (Shiffman & Cohen, 1992; Chang et al., 1996; Redenbach et al., 1999; Huang et al., 2003; Hiratsu et al., 2000; Wu et al., 2006; Xu et al., 2006a; Zhang et al., 2009) . Recently, Zhang et al. (2010) found that 54 kb pFRL1 contained two replication loci. Two internal replication loci for 94 kb SAP1 were also predicted by BLAST search of replication genes (Zhang et al., , 2010 . We report here that, in addition to the replication locus described by Redenbach et al. (1999) , two new replication loci have been found on the 356 kb linear plasmid SCP1. The fact that Streptomyces large linear plasmids may contain more than one internal replication locus has been largely overlooked in previous studies.
The rep1A locus of SCP1 resembles reps of linear plasmids pSLA2, pSCL1, pSHK1 and SLP2 (Wu & Roy, 1993; Chang et al., 1996; Huang et al., 2003; Xu et al., 2006a; Zhang et al., 2009) . Both rep2A and rep3A of SCP1 resemble a replication gene (repA) of circular plasmid pZL12 (Zhong et al., 2010) . Our data on their transcription in a timecourse study indicate that the two origins might not be redundant for SCP1 replication. In comparison to the WT SCP1 (99.9 %) (Vivian & Hopwood, 1973) , sequential deletions of its internal origins lead to slight instability of the plasmids (80.3-94.8 %). Almost identical methylenomycin biosynthetic gene clusters are present on both SCP1 and circular plasmid pSV1 of Streptomyces violaceusStreptomyces ruber SANK 95570 (Chater & Bruton, 1985; Yamasaki et al., 2003) . One of the replication genes (repB) of pSV1 is nearly identical to SCP1.217 of SCP1 (our unpublished data). All these results reinforce a previous hypothesis that abundant recombinational events with other replicons (i.e. chromosome and linear and circular plasmids) and transposable elements have occurred during S. Peng and others SCP1 formation (Bentley et al., 2004; Chater & Kinashi, 2007) .
Previous reports described how SCP1 can recombine with the host chromosome to generate two chimeric linear chromosomes via single-crossover recombination: 7181 kb chromosome I containing the large chromosomal portion (i.e. SCO0001-SCO6389) ligating to the SCP1 segment (SCP1.1-SCP1.136) and 1843 kb chromosome II with the small chromosomal portion (SCO6388-SCO7846) fusing to the large SCP1 segment (SCP1.136-SCP1.353) (Hopwood & Wright, 1976; Yamasaki & Kinashi, 2004; Chater & Kinashi, 2007) . Our experiments indicate that rep3A along with major transfer genes (e.g. traA) of SCP1 integrate into the large portion of the chromosome, while rep1A and rep2A along with the two sets of homologous partitioning genes (Bentley et al., 2004) fuse to the small portion of the chromosome, which can replicate efficiently in linear mode and inherit stably, but is unable to conjugally transfer itself.
Interestingly, linear plasmid SCP1 can be artificially circularized to yield a 280 kb circular plasmid C-SCP1 Three replication origins on Streptomyces plasmid SCP1 that contains the three replication loci. We could not isolate and detect intact C-SCP1 DNA on agarose gel using the regular or modified alkaline methods (Kieser, 1984; Zhong et al., 2010) , but its existence was confirmed by enzyme digestion and Southern hybridization on a pulsedfield gel. Plasmid C-SCP1 can replicate at a low copy number (about one copy per chromosome) and be inherited largely stable (82.9 %). As large linear plasmids are widespread in Streptomyces (Chater & Kinashi, 2007) and telomere damage induced three distinct types of repair mechanisms, including circularization of the plasmid by non-homologous end-to-end joining (Qin & Cohen, 2002) , we suggest that large circular plasmids derived from telomere damage of the large linear plasmids may be generated among Streptomyces species. New methods for isolation of Streptomyces large circular plasmids need to be developed. Surprisingly, the 280 kb circular plasmid C-SCP1 conjugally transfers as efficiently as the linear SCP1 plasmids in S. coelicolor. Conjugal transfer of a Streptomyces circular plasmid (e.g. pIJ101 and pSNA1) needs a tra gene along with a clt (cis-acting locus of transfer) site (Pettis & Cohen, 1994; Reuther et al., 2006) . The Tra protein of pSNA1 binds to the clt sequence as multimers on the mobilized plasmid and translocates unprocessed dsDNA at the hyphal tip to a recipient cell (Reuther et al., 2006) . By using the SalI restriction and modification system (Possoz et al., 2001) , Xu et al. (2006b) report that a 23 kb segment from the 50 kb linear plasmid SLP2 cloned in an E. coli circular plasmid can transfer efficiently in S. lividans and the dsDNA is likely to act as an intermediate during transfer. These results suggest that the mechanism of conjugal transfer of Streptomyces linear plasmids (e.g. SCP1 and SLP2) may resemble that of the circular plasmids.
The finding that the three replication genes of both linear and artificially circularized SCP1 were transcribed during cell growth does not mean that all three loci are used for firing replication. 2D gel analysis probed with reps may be required to clarify whether initiation of replication occurs at all three loci or whether one may be dominant (Robinson et al., 2004) . Replication with two or three origins in artificially constructed or naturally occurring plasmids in other bacteria has been known for a long time. For example, some artificially constructed plasmids, pSC101/ColEI and Rsc11/ColEI (Cabello et al., 1976; Boidol et al., 1977) , contain two distinct replicons; some naturally occurring plasmids, such as pIP501 and pJD4, carry a rolling circle and a h replicon (Evans & Macrina, 1983; Pujol et al., 1998) , and three origins of replication (Pagotto & Dillon, 2001) , respectively. In these plasmids, only one replication origin functions and the others are inhibited (e.g. the rolling-circle replicon of pIP501 strongly inhibits the h replicon; Pujol et al., 1998) . Our results indicate more complex interplay between plasmid replication and cell development in these differentiating, mycelial bacteria than is found in simple, rod-shaped bacteria.
